A role of macrophage-mediated inflammatory events in early islet graft loss is increasingly acknowledged. Osteopetrotic mice (op/op) have a complete absence of CSF-1, and thus of most tissue macrophages. We have investigated whether the absence of CSF-1-dependent macrophages in the graft itself or at the transplant site could decrease the delay to function of a syngeneic marginal islet mass. Islets transplanted into op/op or control recipients reversed diabetes in 59 days vs. 10 days (p = 0.28, NS). Islets isolated from op/op or control mice reversed diabetes in 11 days vs. 10 days. IL-1 and TNF-α release by cultured islets was markedly decreased for op/op islets compared with control islets (IL-1: 0 vs. 4.2 pg/ml, p = 0.07; TNF-α: 67 vs. 311 pg/ml, p = 0.002). In contrast, IL-6 release by op/op islets was significantly increased (11.1 vs. 4.3 ng/ml, p = 0.006). CSF-1-dependent tissue macrophages may not be critical in the inflammatory insult to islet transplants. Alternate patterns of intraislet release of deleterious proinflammatory cytokines may exist.
INTRODUCTION
macrophage lineage, including osteoclasts, monocytes, and most tissue macrophages, with the notable exception of dendritic cells (12) . Osteopetrotic mice release sub-Transplantation of islets of Langerhans represents a potential cure for type I diabetes. Unfortunately, in pilot stantially decreased amounts of proinflammatory cytokines, such as tumor necrosis factor (TNF)-α, interleu-clinical trials, most grafts have been lost in the early kin (IL)-1, and IL-6 even after challenge with endotoxin days after transplantation. Indeed, islet grafts are ex- (5, 10) . Therefore, we have explored the role of CSFposed to several types of injury, which include allograft 1-dependent macrophages in the various inflammatory recognition and rejection, autoimmune destruction, diamechanisms described above and involved in islet PNF, betogenic toxicity of conventional immunosuppressive using a model of transplantation of a marginal mass of agents, and nonspecific inflammatory events arising syngeneic islets. within the islet or at the site of transplant. The term primary nonfunction (PNF), often associated with poor MATERIALS AND METHODS functional quality of the graft, can be revisited to include Animals the participation of these inflammatory phenomena.
The role of macrophages of the graft microenviron-Male C57BL/6 (B6) mice were purchased from Hillment on early islet graft function has already been outtop Lab Animals, Inc. (Scottdale, PA). B6C3Fe-a/alined in animal models by demonstrating improved en-Csfm op mice were purchased from the Jackson Laboragraftment of islet allografts after administration of a tory (Bar Harbor, ME) as heterozygous (op/−) breeder macrophage-depleting treatment to the recipients (3,6,7).
pairs. Animals were bred and kept in the University of Furthermore, there is evidence that β cells are sensitive Miami animal facilities in a virus antibody-free environto cytokine release by intraislet resident macrophages (1). ment. Homozygous osteopetrotic mice (op/op) were Osteopetrotic mice exhibit a complete lack of colonyidentified by their absence of incisors and maintained on stimulating factor 1 (CSF-1 or M-CSF) due to a spona semiliquid diet. Normal negative homozygous littertaneous mutation on chromosome 3. This leads to a demates (−/−) and heterozygous (op/−) littermates were used indifferently as controls. All animal manipulations ficiency in CSF-1-dependent subsets of cells of the 634 BERNEY ET AL.
were conducted and monitored under protocols reviewed in 24-well untreated microtiter plates (Corning Inc., Corning, NY). Supernatant was harvested after 3 and 18 h and approved by the Institution Animal Care and Use Committee. and concentration levels of IL-1β, TNF-α, and IL-6 were measured by ELISA, using Quantikine M kits (R& Diabetes Induction D Systems, Minneapolis, MN). Islet recipients (2-3 months old) received a single IV injection of 200 mg/kg streptozotocin (STZ; Sigma, St.
Statistical Analysis Louis, MO) to induce diabetes. STZ-injected mice were
The Statistica software package (Statsoft, Tulsa, OK) used as recipients after 7 days, only if two consecutive was used for statistical analysis. Data were expressed as nonfasting blood glucose >250 mg/ml were measured in mean ± SEM. Kaplan-Meier analysis was performed for samples collected from the tail vein.
diabetes-free survival determination, and differences were assessed with the Mantel-Cox log rank test. Stu-Islet Isolation dent's t-test was used for comparison of unpaired vari-Murine islets were isolated by intraductal collagenase ables. Values of p < 0.05 were considered significant. injection and stationary digestion. Islet purification was obtained by centrifugation on discontinuous Euro-Ficoll RESULTS AND DISCUSSION gradients, and routinely provided islets of purity >90%.
Transplantation of decreasing numbers of syngeneic Before transplant, islets were placed in culture overnight islets under the kidney capsule of B6 mice shows a dose at 37°C, 5% CO 2 .
response in the days required to achieve normoglycemia Immunofluorescence and in the proportion of successful transplants (Fig. 1) .
The delay observed in reversing diabetes reflects many To identify resident islet macrophages, aliquots of parameters, including the quality of the islet preparation 100 islets were dispersed into single-cell suspensions by and the degree of reactivity of the transplant microenvigentle pipetting in trypsin-EDTA. The dispersed islet ronment. Targeted manipulations that lead to a reduction cells were washed in PBS and transferred to Superfrost/ of this delay can be interpreted as beneficial in terms of Plus microslides by cytospin (5 min at 500 rpm). Slides PNF control (1). Such results have been obtained with were fixed in paraformaldehyde 4% for 1 h at 4°C and this model, by treating recipients with deoxyspergualin blocked in PBS with 5% normal rat serum for 1 h at to deplete macrophages at the graft site (7) or by utiliz-4°C. Slides were incubated with 10 µg/ml fluoresceining endotoxin-free enzyme blends for islet isolation (2). conjugated rat anti-mouse macrophage monoclonal anti-To assess the role of CSF-1-dependent tissue macrobody (C1:A3-1anti-F4/80; Accurate Chemicals, Westphages of the microenvironment at the graft site on islet bury, NY) for 1 h at room temperature, and were PNF, we have transplanted chemically diabetic op/op immediately read under a fluorescence microscope. mice with 75 hand-picked islets under the kidney cap-Marginal Mass Islet Transplantation sule. The kidney of op/op mice has a >80% depletion in Immediately prior to transplantation, islets were handthe number of tissue macrophages compared with norpicked under the microscope and divided in aliquots of mal mice (8). Diabetes reversal was achieved in 60% of 50-300 per recipient. Under general anesthesia, islets op/op recipients (3/5) compared with 78% of control were gently infused under the kidney capsule. mice (7/9). Median time to normoglycemia was 59 days in the op/op group and 10 days in the control group (Fig.  Graft Function  2) . These differences did not reach statistical signifi-Blood glucose levels were measured daily after transcance (p = 0.28). Explanation for this failure to reduce plantation on whole blood samples collected from the the time to graft function can be twofold: i) the residual tail vein. The first day of graft function was defined as population of about 20% tissue macrophages in the kidthe first of 5 consecutive days of nonfasting blood gluney might be sufficient to induce a full-blown inflammacose <200 mg/ml. In order to rule out residual function tory response leading to insult to the islets, and ii) the of the native pancreas, nephrectomy was performed after persistence of dendritic cells in osteopetrotic mice might diabetes reversal to verify that a quick return to hyperbe critical. In this regard, macrophage-depleting drugs glycemia was obtained. Mice remaining hyperglycemic do not spare dendritic cells, which might explain the >100 days after transplantation were considered to have apparent discrepancy between our results and those obfailed to reach the endpoint and were sacrificed. tained with 5-deoxyspergualin treatment of recipients in Determination of Cytokine Levels in Islet Culture the same model (7).
Supernatants
In a second set of experiments, we addressed the role of intraislet CSF-1-dependent macrophages on PNF, be-Aliquots of 100 handpicked islets were cultured in triplicates at 37°C, 5% CO 2 , in 2 ml CMRL/10% FCS, cause cytokine production by islet resident macrophages was demonstrated to occur and to have detrimental ef-islets, as opposed to positive staining in control islets, was confirmed by immunofluorescence (not shown). fects on β cell function (1). Therefore, we transplanted chemically diabetic normal littermates with islets iso-Islets cultured immediately after isolation release proinflammatory cytokines (IL-1β, TNF-α, and IL-6) in the lated from op/op mice. Diabetes reversal was obtained in all recipients of op/op islets (4/4) compared with 78% supernatant in direct relationship to the endotoxin contents of the enzyme blend utilized, with a proportional of recipients of control islets (7/9). Median time to normoglycemia was 11 days in the group transplanted with increase in the time required to achieve normoglycemia in the marginal mass transplantation model (2,11). op/op islets and 10 days in the control group (p = 0.83; Fig. 2 ). Thus, intraislet resident macrophages do not seem Therefore, cytokine release by islets from op/op and control mice was compared after 3 and 18 h in culture to have a measurable effect on islet graft function in this model. The absence of detectable macrophages in op/op (Table 1) . As anticipated, IL-1β and TNF-α release by been reported for blood monocytes or bone marrow cells 2. Berney, T.; Molano, R. D.; Cattan, P.; Pileggi, A.; Vizzarof the monocyte-macrophage lineage (5,10). Intraislet delli, C.; Oliver, R.; Ricordi, C.; Inverardi, L. Endotoxinresident macrophages are likely to be the source of these mediated delayed islet graft function is associated with two cytokines, and their depletion in osteopetrotic islets increased intra-islet cytokine production and islet cell apoptosis. Transplantation (in press). explains this observation.
3. Bottino, R.; Fernandez, L. A.; Ricordi, C.; Lehmann, R.; Surprisingly, IL-6 release by op/op islets was not de-Tsan, M. F.; Oliver, R.; Inverardi, L. Transplantation of pressed, but on the contrary significantly increased at allogeneic islets of Langerhans in the rat liver. Effects of both time points compared with control islets. Clearly, macrophage depletion on graft survival and microenvironment activation. Diabetes. 47:316-323; 1998. this indicates that intraislet cells other than macrophages
